The related adhesion focal tyrosine kinase (RAFTK), a member of the focal adhesion kinase (FAK) family and highly expressed in brain, is a key mediator of various extracellular signals that elevate intracellular Ca 2؉ concentration. We investigated RAFTK and FAK signaling upon nerve growth factor (NGF) stimulation of PC12 cells. NGF induced the tyrosine phosphorylation of RAFTK in a time-and dose-dependent manner, whereas no change in the tyrosine phosphorylation of FAK was observed. Chemical inhibition showed that RAFTK phosphorylation was inhibited by blocking phospholipase C␥ activity or intracellular Ca 2؉ . Blocking of extracellular Ca 2؉ or phosphatidylinositol 3-kinase activity partially reduced the phosphorylation of RAFTK. In addition, disruption of actin polymerization abolished RAFTK phosphorylation, indicating that an intact actinbased cytoskeletal organization is required for RAFTK phosphorylation. The focal adhesion molecule paxillin was co-immunoprecipitated with RAFTK, and its tyrosine phosphorylation was increased in a Ca 2؉ -dependent manner upon NGF stimulation. Confocal microscopic analysis demonstrated that RAFTK translocated from the cytoplasm to potential neurite initiation sites at the cell periphery, where RAFTK co-localized with paxillin and bundled actin in the early phase (within 5 min) of NGF stimulation, whereas FAK co-localized with paxillin at "point contacts," which are the primary cell adhesion sites in neuronal cells. Significant distribution of RAFTK was observed in the neurites and growth cones of differentiated PC12 cells. Furthermore, potassium depolarization induced the tyrosine phosphorylation of both RAFTK and paxillin in an intracellular Ca 2؉ -dependent manner in the differentiated PC12 cells. Taken together, these results demonstrate that RAFTK is involved in NGF-induced cytoskeletal organization and may play a role in neurite and growth cone function(s).
The related adhesion focal tyrosine kinase (RAFTK), a member of the focal adhesion kinase (FAK) family and highly expressed in brain, is a key mediator of various extracellular signals that elevate intracellular Ca 2؉ concentration. We investigated RAFTK and FAK signaling upon nerve growth factor (NGF) stimulation of PC12 cells. NGF induced the tyrosine phosphorylation of RAFTK in a time-and dose-dependent manner, whereas no change in the tyrosine phosphorylation of FAK was observed. Chemical inhibition showed that RAFTK phosphorylation was inhibited by blocking phospholipase C␥ activity or intracellular Ca 2؉ . Blocking of extracellular Ca 2؉ or phosphatidylinositol 3-kinase activity partially reduced the phosphorylation of RAFTK. In addition, disruption of actin polymerization abolished RAFTK phosphorylation, indicating that an intact actinbased cytoskeletal organization is required for RAFTK phosphorylation. The focal adhesion molecule paxillin was co-immunoprecipitated with RAFTK, and its tyrosine phosphorylation was increased in a Ca 2؉ -dependent manner upon NGF stimulation. Confocal microscopic analysis demonstrated that RAFTK translocated from the cytoplasm to potential neurite initiation sites at the cell periphery, where RAFTK co-localized with paxillin and bundled actin in the early phase (within 5 min) of NGF stimulation, whereas FAK co-localized with paxillin at "point contacts," which are the primary cell adhesion sites in neuronal cells. Significant distribution of RAFTK was observed in the neurites and growth cones of differentiated PC12 cells. Furthermore, potassium depolarization induced the tyrosine phosphorylation of both RAFTK and paxillin in an intracellular Ca 2؉ -dependent manner in the differentiated PC12 cells.
Taken together, these results demonstrate that RAFTK is involved in NGF-induced cytoskeletal organization and may play a role in neurite and growth cone function(s).
The related adhesion focal tyrosine kinase (RAFTK), 1 also known as Pyk2 (1), CAK-␤ (2), and CADTK (3) , is a nonreceptor tyrosine kinase and is related to focal adhesion kinase (FAK) (4) . RAFTK is implicated in the regulation of ion channel activity (1), stress responses (5), cell adhesion/cytoskeletal reorganization (6 -10) , and vesicle trafficking (11) . RAFTK is highly expressed in the central nervous system and in neuronal cell lines, including PC12 cells (1, 4) . Studies have shown activation of RAFTK upon treatment with various neuronal stimuli, such as membrane depolarization and the neuropeptide bradykinin (1), suggesting a possible role of RAFTK in neuronal cell signaling.
NGF is a neurotropic factor inducing neuronal cell growth, survival, and the differentiation of distinct populations of neurons through activation of the NGF receptor, TrkA (12) (13) (14) . NGF-induced neuronal responses and neuronal differentiation have been extensively studied in a pheochromocytoma cell line (PC12), which can generate action potentials when grown in the continual presence of NGF (15, 16) . Among the rapid cellular changes observed is actin-cytoskeletal reorganization upon NGF stimulation (17) . NGF stimulation induces the formation of ruffles with actin redistribution within a few minutes, followed by condensation of actin bundles to several dotlike aggregates that subsequently become the growth cones (18) . This implies that a variety of molecular machinery is required to accomplish the actin reorganization, such as actin polymerization, bundle formation, and actin targeting to the plasma membrane. One of the intracellular signals that might be involved in cytoskeletal reorganization during NGF stimulation is Ca 2ϩ mobilization. NGF induces both extracellular Ca 2ϩ influx and intracellular Ca 2ϩ release from the endoplasmic reticulum (19, 20) . Calcium has also been implicated in cell growth, survival, cell death, and neural functions including excitability, neurotransmitter release, associativity, plasticity, and gene transcription (21) . However, little is known about the role of intracellular Ca 2ϩ mobilization in PC12 cells upon NGF stimulation.
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‡ To whom correspondence should be addressed been observed upon treatment with a variety of stimuli, and paxillin is capable of binding to another cytoskeletal protein, vinculin, as well as the signaling proteins Csk, Crk, Src, p125 FAK , and RAFTK (23, 24) . Analysis of the primary structure of paxillin reveals the presence of (i) three tyrosine residues within the binding motif for the Crk SH2 domain (YXXP), (ii) a proline-rich motif that could serve as an SH3 binding domain, and (iii) four motifs identified or very closely related to LIM domains (25) . Thus, it was proposed that paxillin associates with cell adhesion molecules and with the cytoskeleton and recruits these molecules into a signal transduction complex, near the plasma membrane, that acts as a scaffold molecule (24) . Induction of paxillin tyrosine phosphorylation and its enhanced expression during neuronal differentiation indicate a possible role of paxillin in neuronal differentiation (26) . Since RAFTK activation is induced by Ca 2ϩ mobilization and is involved in cytoskeletal reorganization (22) , the signaling of RAFTK and its homologous tyrosine kinase FAK and their role as mediators of intracellular Ca 2ϩ mobilization during NGF signaling were investigated.
Here, we report that RAFTK, but not FAK, is tyrosinephosphorylated upon NGF stimulation of PC12 cells in a timeand concentration-dependent manner. NGF-induced RAFTK phosphorylation is dependent on PLC␥ activity, Ca 2ϩ mobilization, an intact actin-based cytoskeleton, and partially on PI3-K activity. RAFTK associates with paxillin inducing the tyrosine phosphorylation of paxillin in a Ca 2ϩ -dependent manner and translocates from the cytoplasm to the cell periphery upon NGF stimulation, whereas FAK associates with paxillin at the plasma membrane and is involved in the regulation of cell adhesion. Furthermore, RAFTK and paxillin localize at the neurites and growth cones in differentiated PC12 cells and are tyrosine-phosphorylated upon the induction of increasing intracellular Ca 2ϩ levels by potassium depolarization. This suggests that RAFTK may play an important role in NGF-induced cytoskeletal reorganization and in neurite and growth cone function(s).
EXPERIMENTAL PROCEDURES
Cells and Cell Culture-Rat pheochromocytoma PC12 cells were obtained from ATCC and maintained in DMEM (Life Technologies, Inc.) with 10% (v/v) heat-inactivated horse serum, 5% (v/v) fetal bovine serum (FBS), 50 g/ml penicillin, and 50 g/ml streptomycin (complete medium). For serum starvation, confluent PC12 cells were incubated for 18 h in serum-reduced medium (DMEM with 0.5% heat-inactivated horse serum, 0.25% FBS, 50 g/ml penicillin, and 50 g/ml streptomycin). Stimulation of PC12 cells was performed with 50 ng/ml (unless otherwise noted) of NGF (Upstate Biotechnology, Inc., or a gift from Genentech) after starvation of PC12 cells for 18 h in serum-reduced medium. Differentiation of PC12 cells was accomplished by sustained incubation with NGF in serum-reduced medium, followed by refreshing NGF and medium every other day. 293 cells were obtained from ATCC and maintained in DMEM (Life Technologies, Inc.) with 10% (v/v) FBS, 50 g/ml penicillin, and 50 g/ml streptomycin (complete medium). For serum starvation, 293 cells were incubated for 6 h in serum-free medium (DMEM with 50 g/ml penicillin and 50 g/ml streptomycin). Stimulation of 293 cells was performed with 50 ng/ml NGF (Upstate Biotechnology, Inc., or a gift from Genentech) in the presence or absence of BAPTA/AM (50 M; 15 min pre-incubation).
Materials-Chelerylthrine chloride, BAPTA/AM, wortmannin, LY294002, EDTA, EGTA, cytochalasin D, colchicine, and phorbol 12-myristate 13-acetate (PMA) were obtained from Calbiochem. U73122 was purchased from Research Biochemicals, Inc. Electrophoresis reagents were obtained from Bio-Rad. ␥-32 P-Labeled ATP was purchased from NEN Life Science Products. Protease inhibitors and all other reagents were purchased from Sigma. Protein G-Sepharose and recombinant Protein G-agarose were purchased from Pierce and Life Technologies, Inc., respectively. Normal rabbit and mouse sera were obtained from Sigma. Anti-phosphotyrosine antibodies (PY20) were obtained from Zymed Laboratories Inc. Anti-phosphotyrosine antibodies (4G10) were a gift from Brian J. Druker (Oregon Health Sciences University). Goat anti-GST antibody was purchased from Amersham Pharmacia Biotech. Monoclonal anti-Src antibody (clone 427) was a gift from Dr. Joan S. Brugge (Harvard Medical School, Department of Cell Biology). Rabbit anti-HA, rabbit anti-Erk1 and Erk2, rabbit anti-PI3-K p85, goat anti-Akt, and goat anti-Pyk2 antibodies were purchased from Santa Cruz Biotechnology. Rabbit anti-Trk antibody was purchased from Calbiochem. Rabbit anti-phospho-Akt (Ser-473) antibody was purchased from New England Biolabs. Erk-1-HA cDNA was a gift from Dr. J. Blenis (Harvard Medical School, Department of Cell Biology). Secondary antibodies of horseradish peroxidase-conjugated sheep antimouse Ig and donkey anti-rabbit Ig antibodies were obtained from Amersham Pharmacia Biotech. Secondary antibodies of horseradish peroxidase-conjugated rabbit anti-goat Ig antibodies were obtained from Santa Cruz Biotechnology. FITC-conjugated goat anti-rabbit and Texas Red-conjugated horse anti-mouse antibodies were purchased from Vector Laboratories. Cy5-labeled goat anti-mouse antibody and rhodamine-labeled phalloidin were purchased from Molecular Probes. Specific antibodies (R4250) against RAFTK were generated by immunizing New Zealand White rabbits with a bacterially expressed fusion protein consisting of GST and the COOH terminus (amino acids 681-1009) of the human RAFTK cDNA subcloned into the pGEX-2T expression vector as described (6) . Anti-FAK (R4714) rabbit polyclonal antibodies were generated by immunizing New Zealand White rabbits with a bacterially expressed fusion protein consisting of GST and the COOH terminus (amino acids 681-1009) of the human FAK cDNA subcloned into the pGEX-2T expression vector as described (6) .
Transient Transfection of PC12 Cells with a Wild-type or Kinase Mutant of RAFTK-The RAFTK cDNA in the pcDNA3-neo vector was constructed as described in our previous studies (4, 6) . A kinase-negative mutant of RAFTK (km) was constructed by replacing Lys-475 with an Ala residue using a site-directed mutagenesis kit (CLONTECH, Palo Alto, CA). The GFP-tagged wild-type (wt) or kinase mutant (km) RAFTK was subsequently prepared by subcloning the RAFTK constructs in a pEGFP-C2 vector according to the manufacturer's protocol (CLONTECH). PC12 cells were transiently transfected with either the GFP-tagged wild-type or kinase mutant RAFTK construct as described (6) using LipofectAMINE Plus reagent (Life Technologies, Inc.). After 72 h of transfection, the cells were stimulated with NGF (50 ng/ml, for 5 min at 37°C). Cell lysates were prepared and immunoprecipitated with anti-RAFTK antibodies or control antibodies. The immunoprecipitates were washed and analyzed for tyrosine phosphorylation as described below.
Transient Transfection of 293 Cells-Wild-type and mutant TrkA cDNA constructs were prepared using a Transformer Site-directed Mutagenesis Kit (CLONTECH) according to the manufacturer's protocol as described previously (27) . TrkA double mutants contain tyrosine to phenylalanine mutations at the PLC␥ association site Tyr-785 and the p85/PI3-K interaction site Tyr-751 (Y785F/Y751F), at the Tyr-785 and the Shc interaction site Tyr-490 (Y785F/Y490F), or at the Tyr-751 and Tyr-490 (Y751F/Y490F). The paxillin cDNA tagged with hemagglutinin (HA) in the pRcCMV vector was kindly provided by R. Salgia and J. D. Griffin (Dana Farber Cancer Institute, Boston). Transient transfection of cDNA constructs into 293 cells was performed using the calcium phosphate precipitation method. 2 g of TrkA cDNA and 0.5 g of RAFTK cDNA were used for each 100-mm dish of 293 cells. Empty vector cDNA was used as a transfection control. After 48 h of transfection, the cells were starved for 6 h in serum-free medium followed by NGF (50 ng/ml, 5 min) stimulation. Cell lysates were prepared and immunoprecipitated with specific antibodies, followed by immunoblotting as described below.
Preparation of Cell Lysates, Immunoprecipitations, and Immunoblotting-Cells were lysed in modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, and 1 mM EDTA) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin) and phosphatase inhibitors (1 mM Na 3 VO 4 and 1 mM NaF). Immunoprecipitations were performed with rabbit polyclonal antibodies of anti-RAFTK (R4250) and anti-FAK (R4714) (4), followed by protein G incubation. Immunoprecipitates were separated by either gradient (4 -12%) or 8% SDS-PAGE (NOVEX, San Diego, CA) under reducing conditions, electrophoretically transferred to Immobilon polyvinylidene difluoride (Millipore, Bedford, MA), and processed for immunoblotting using the enhanced chemiluminescence technique (Amersham Pharmacia Biotech).
In Vitro Autophosphorylation Kinase Assays-The immunoprecipitated complexes, obtained by immunoprecipitating cell lysates with RAFTK antiserum and protein G, were washed twice with modified RIPA buffer and once in kinase buffer. The immune complex was then incubated in kinase buffer containing 5 Ci of [␥- 32 P]ATP at room temperature for 30 min as described (28) . The reaction was stopped by adding 4ϫ SDS sample buffer and boiling the sample for 5 min. Proteins were then separated on SDS-PAGE and detected by autoradiographs. The activities were determined by densitometry of autoradiographys.
Immunocomplex Kinase Assays-Cells were lysed in modified RIPA buffer containing protease inhibitors and phosphatase inhibitors as described above. ERK kinase activity was determined by incubating 300 g of cellular extracts with 1 g of anti-ERK1 antibody for 2 h at 4°C, followed by the addition of protein G-agarose and incubation for 1 h at 4°C. The protein G beads were then washed thoroughly before the addition of 20 l of kinase buffer (20 mM HEPES, pH 7.5, 10 mM MgCl 2 , 2 mM MnCl 2 , 2 mM dithiothreitol, and 25 M ATP) containing 2 Ci of [␥- 32 P]ATP and 10 g of myelin basic protein as a substrate protein. After incubation at 30°C for 10 min, the reactions were stopped with Laemmli buffer, analyzed by SDS-PAGE, dried, and exposed to x-ray films.
Induction of Neuronal Differentiation of PC12 Cells by NGF-PC12 cells were stimulated with NGF (50 ng/ml) for 2 days in the presence or absence of the intracellular Ca 2ϩ chelator BAPTA/AM (50 M). Changes in cell morphology were observed, and images of PC12 cells were taken under an inverted light microscope (Olympus CK2) with an attached camera (Olympus SC35).
Immunocytochemistry, Confocal Microscopy, and Image AnalysisTissue-cultured cells were fixed with 3% paraformaldehyde for 20 min and permeabilized with 0.2% (v/v) Triton X-100 in phosphate-buffered saline for 10 min. After being blocked with 10% normal goat serum in phosphate-buffered saline for 1 h, cells were incubated with specific primary antibodies and fluorescein isothiocyanate-, rhodamine-, or Cy5-conjugated secondary antibodies after washing in phosphate-buffered saline for 1 h each. Rhodamine-conjugated phalloidin was used for actin staining. The samples were analyzed using a Bio-Rad MRC-1024 confocal microscope.
RESULTS

NGF Induces Phosphorylation of RAFTK, but Not of FAK, in a Time-and Dose-dependent Manner-To test the effect of NGF
on RAFTK and FAK, we examined the tyrosine phosphorylation of RAFTK and FAK upon NGF stimulation of PC12 cells. The tyrosine phosphorylation of RAFTK was induced by NGF in a time-dependent manner, peaking at 5 min (Fig. 1A) , whereas that of FAK was constitutively tyrosine-phosphorylated at a high level and showed no change in phosphorylation upon NGF stimulation. This suggests that RAFTK, but not FAK, is specifically involved in NGF-mediated signaling cascades (Fig. 1B) . Next, we analyzed the dose response of RAFTK phosphorylation upon stimulation with various concentrations of NGF. RAFTK tyrosine phosphorylation was dose-dependent, reaching a peak at 10 ng/ml NGF (Fig. 1C) . However, FAK showed no change in phosphorylation when cells were treated with various concentrations of NGF (data not shown). RAFTK kinase activity was examined to see whether phosphorylation of RAFTK leads to its activation upon NGF stimulation (Fig.  1D) . In vitro autophosphorylation of RAFTK showed a significant increase in RAFTK kinase activity (30% increase), suggesting that NGF induces RAFTK kinase activation as well as its tyrosine phosphorylation. Taken together, these data indicate that NGF-induced tyrosine phosphorylation and activation are specific to RAFTK, but not FAK, in both a time-and dose-dependent manner.
Activation Influx and PI3-K Activity-To delineate the signaling cascades leading to RAFTK activation by NGF, the tyrosine phosphorylation of RAFTK was examined in the presence of specific inhibitors of the downstream signaling molecules of the TrkA receptors. When NGF binds to its receptor TrkA, the autophosphorylated receptors associate with PLC␥, Shc, and the p85 subunit of PI3-K through a specific interaction between the SH2 domains and their specific phosphotyrosine residues (29) . In our study, the NGF-induced tyrosine phosphorylation of RAFTK was partially inhibited by a PI3-K-specific inhibitor, LY294002, or wortmannin (Fig. 2, A and E) . The effectiveness of LY294002 and wortmannin, specific inhibitors of PI3-K, was
shown by the inhibition of Akt phosphorylation (active form) which is downstream of PI3-K activation upon NGF stimulation (Fig. 2E) . U73122, an inhibitor of phospholipase C, blocked the phosphorylation of RAFTK upon NGF stimulation ( Fig.  2A ). This suggests that NGF-induced RAFTK phosphorylation is mediated through PLC␥ which is known to induce intracellular Ca 2ϩ increase and protein kinase C activation by producing inositol triphosphate (IP 3 ) and diacylglycerol, respectively. Next, we examined whether RAFTK phosphorylation is induced through IP 3 -mediated intracellular Ca 2ϩ increase from the endoplasmic reticulum and/or through diacylglycerol-mediated protein kinase C activation. Fig. 2A demonstrates that BAPTA/AM, a cell-permeable Ca 2ϩ chelator, abolishes RAFTK phosphorylation. However, chelerylthrine chloride (CC), a protein kinase C-specific inhibitor, had no effect on RAFTK phosphorylation ( Fig. 2A) , indicating that RAFTK phosphorylation is mediated through PLC␥, IP 3 , and intracellular [Ca 2ϩ ] i increase. Fig. 2D shows that CC is effective in inhibiting the tyrosine phosphorylation of RAFTK. Since Shc is known to associate with Grb2 and transmits signals to Ras, we examined whether Shc is associated with RAFTK. However, we were not able to detect any direct association between Shc and RAFTK in PC12 cells (data not shown). Previous studies have shown that NGF induces extracellular calcium influx in several cell lines including PC12 cells (20) and that RAFTK is highly phosphorylated upon treatment of cells with various Ca 2ϩ -inducing agents (1, 30) . Therefore, we examined the effect of extracellular Ca 2ϩ influx on RAFTK phosphorylation using the Ca chelator, EGTA. EGTA significantly reduced the NGF-induced tyrosine phosphorylation of RAFTK ( Fig. 2A) , suggesting that NGF-induced extracellular Ca 2ϩ influx contributes to the phosphorylation of RAFTK. In comparison, FAK remains at a high level of tyrosine phosphorylation and fails to respond to NGF regardless of treatment with various inhibitors (Fig. 2B ). These data demonstrate that RAFTK activation is mediated through intracellular signaling cascades of the TrkA receptor, PLC␥, IP 3 , through intracellular Ca 2ϩ increase, and partially through PI3-K and extracellular Ca 2ϩ influx upon NGF stimulation of PC12 cells. 1 M) , or U73122 (10 M) with or without treatment of NGF (50 ng/ml) for 5 min. PC12 cells were lysed in modified RIPA buffer, and 1 mg of total cell lysate from each sample was immunoprecipitated (IP) with rabbit anti-RAFTK antibodies. The immunocomplexes were resolved by 4 -12 or 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with monoclonal anti-phosphotyrosine antibodies (4G10), followed by blotting with rabbit anti-RAFTK (1:2500) as indicated. Specific bands were visualized using the ECL system. B, immunoprecipitates of FAK from PC12 cells in the absence or presence of EGTA (3 mM), BAPTA/AM (50 M), wortmannin (WT, 100 nM), chelerylthrine chloride (CC, 1 M), U73122 (10 M) with or without treatment of NGF (50 ng/ml) for 5 min. Sample preparation, detection of tyrosine phosphorylation and FAK immunoblotting (IB) were done the same as above but with rabbit anti-FAK antibody. C, immunoprecipitates of RAFTK from PC12 cells after treatment with NGF (50 ng/ml) for 5 min in the absence or presence of cytochalasin D (CD, 2 h preincubation at 1 M). PC12 cells were lysed in modified RIPA buffer, and 1 mg of total cell lysate from each sample was immunoprecipitated with rabbit anti-RAFTK antibodies or with NRS as a control. The immunocomplexes were resolved by 4 -12 or 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with monoclonal anti-phosphotyrosine antibodies (4G10), followed by blotting with rabbit anti-RAFTK (1:2500) as indicated. Specific bands were visualized using the ECL system. D, immunoprecipitates of RAFTK from PC12 cells after treatment with PMA (50 ng/ml) for 3 min in the absence or presence of chelerylthrine chloride (30 min preincubation at 1 M). PC12 cells were lysed in modified RIPA buffer and 1 mg of total cell lysate from each sample was immunoprecipitated with rabbit anti-RAFTK antibodies followed by immunoblotting as described above. E, immunoprecipitates of RAFTK from PC12 cells after treatment with NGF (50 ng/ml) for 5 min in the presence of wortmannin (100 nM) or LY294002 (LY, 10 M). Immunoprecipitates were resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with mouse anti-phosphotyrosine (4G10) antibody followed by rabbit anti-RAFTK antibody. Total cell lysates from the same preparation were resolved by 8% SDS-PAGE and probed with rabbit anti-phospho-Akt antibody (New England BioLabs; Ser-473; 1:1000) and then probed with goat anti-Akt antibody (Santa Cruz Biotechnology; 1:1000) following membrane stripping.
NGF-induced Phosphorylation of RAFTK Is Dependent on an
and PI3-K-To confirm the signaling cascades observed in our study using the specific pharmacological inhibitors, 293 cells which express neither TrkA nor RAFTK were transiently transfected with the following: RAFTK cDNA and wild-type or mutant TrkA cDNA having double tyrosine-phenylalanine mutations at the PLC␥ and the p85/PI3-K interaction sites (Y785F/Y751F), at the PLC␥ and the Shc interaction sites (Y785F/Y490F), or at the p85/PI3-K and the Shc interaction sites (Y751F/Y490F). Our results demonstrated that wild-type TrkA induced RAFTK phosphorylation upon NGF stimulation, whereas no effects were observed with the pcDNA3 vector alone (Fig. 3 ). Cells transfected with TrkA double mutated at the p85-and the Shc-binding sites (Y751F/Y490F) or double mutated at the PLC␥-and the Shc-binding sites (Y785F/ Y490F) retained RAFTK phosphorylation upon NGF stimulation. However, cells transfected with TrkA double mutated at the PLC␥-and the p85-binding sites (Y785F/Y751F) showed abolishment of most of the RAFTK phosphorylation, demonstrating that both PLC␥ and PI3-K are involved in the RAFTK phosphorylation. Blocking of intracellular Ca 2ϩ with BAPTA/ AM in cells transfected with RAFTK and TrkA double-mutated at the p85-and the Shc-binding sites (Y751F/Y490F) inhibited the NGF-induced RAFTK phosphorylation. These results demonstrate that association of TrkA with PLC␥ induces RAFTK phosphorylation through intracellular Ca 2ϩ that might be released from the endoplasmic reticulum by IP 3 (Fig. 3) . The TrkA mutant with the intact p85 subunit-binding site (Y785F/ Y490F) induced RAFTK phosphorylation in an intracellular Ca 2ϩ -independent manner. The TrkA mutant with the intact Shc-binding site (Y785F/Y751F) induced a substantial increase in RAFTK phosphorylation but not as much as the TrkA with the intact p85-binding site (Y785F/Y490F). We analyzed the tyrosine phosphorylation of the regulatory subunit of PI3-K (p85) induced by TrkA activation. Fig. 3B shows that the tyrosine phosphorylation of PI3-K p85 was induced only by TrkA with the intact p85-binding site (wt and Y785F/Y490F), indicating that the tyrosine phosphorylation of p85 is essential in the induction of RAFTK phosphorylation.
Taken together, the results obtained from the co-transfection of TrkA and RAFTK are in agreement with our results obtained using the pharmacological inhibitors (Fig. 2) .
NGF-induced Ca 2ϩ Mobilization Mediates Cell Morphogenesis and Cytoskeletal Reorganization but Not Erk/MAPK Activation or Neurite
Outgrowth-To address the functional role of NGF-induced RAFTK activation, we examined whether intracellular Ca 2ϩ signaling, which is upstream of RAFTK phosphorylation, has any role in neurite outgrowth and/or Erk/MAPK activation upon NGF stimulation. Blocking of intracellular Ca 2ϩ mobilization by BAPTA/AM did not affect the differentiation of single cells and the activation of Erk/MAPK upon NGF stimulation (Fig. 4) ; however, it did cause cell aggregation and resulted in a significant inhibition of normal PC12 cell differentiation under these conditions (Fig. 4A) . These data show that intracellular Ca 2ϩ signaling does not mediate neurite outgrowth per se but does affect morphogenesis and cytoskeletal reorganization that provide the subcellular framework for neurite outgrowth during NGF-induced neuronal differentiation. chelator, BAPTA/AM, upon NGF stimulation. PC12 cells were stimulated with NGF (50 ng/ml) for 2 days in the presence or absence of BAPTA/AM (50 M). Images of the PC12 cells were taken under an inverted light microscope (Olympus CK2) with an attached camera (Olympus SC35). B, effects of the intracellular Ca 2ϩ chelator, BAPTA/ AM, on Erk/MAPK activity upon NGF stimulation. Activity of Erk was measured by its ability to phosphorylate myelin basic protein (MBP) using an in vitro kinase assay. Immunoprecipitates of Erk1 after NGF stimulation were subjected to an immunocomplex MAPK kinase assay as described under "Experimental Procedures." IP, immunoprecipitation; IB, immunoblot.
RAFTK Is Associated with Paxillin and Induces Tyrosine
Phosphorylation upon NGF Stimulation-To characterize the function of RAFTK signaling upon NGF stimulation, RAFTKassociated molecules were investigated. Paxillin, one of the focal adhesion molecules, has been implicated in neuronal differentiation (26) . Our immunoprecipitation studies demonstrated that paxillin is associated with RAFTK in PC12 cells (Fig. 5A ). In addition, NGF treatment increased the tyrosine phosphorylation of paxillin that was blocked by BAPTA/AM. The induction of the tyrosine phosphorylation of paxillin in an intracellular Ca 2ϩ -dependent manner correlated with that of RAFTK, suggesting that RAFTK may mediate the tyrosine phosphorylation of paxillin upon NGF stimulation. To address whether RAFTK mediates paxillin tyrosine phosphorylation, we used transient transfection of paxillin and wild-type or kinase mutant RAFTK in 293 cells. Wild-type RAFTK induced the tyrosine phosphorylation of paxillin, whereas the kinase mutant RAFTK did not (Fig. 5C ), demonstrating that RAFTK mediates paxillin phosphorylation upon NGF stimulation. The association of paxillin with FAK (see Fig. 5D ), in conjunction with the high basal tyrosine phosphorylation of paxillin (Fig.  5B) , suggests the existence of at least two pools of paxillin as follows: (i) paxillin regulated by FAK resulting in high basal tyrosine phosphorylation and (ii) paxillin regulated by RAFTK resulting in a Ca 2ϩ -dependent increase in tyrosine phosphorylation upon NGF stimulation. Taken together, our results indicate that activation of RAFTK leads to the tyrosine phosphorylation of paxillin in an intracellular Ca 2ϩ -dependent manner upon NGF stimulation, whereas FAK was constitutively phosphorylated. Differential Distribution of RAFTK and FAK in PC12 Cells-To address the specific regulation of RAFTK and FAK upon NGF stimulation, we analyzed the subcellular localization of RAFTK, FAK, paxillin, and actin. PC12 cells were grown on culture chamber slides coated with an extracellular matrix protein (collagen IV) and were subjected to immunofluorescence staining for RAFTK, FAK, paxillin, and actin. RAFTK was distributed mostly in the cytoplasm, whereas paxillin showed a distinct distribution pattern, present both in the plasma membrane and in the cytoplasm, suggesting two pools of paxillin (a cell membrane-associated pool and a cytoplasmic pool) (Fig. 6A ). Spread cells with a large cell surface showed staining of paxillin primarily at the plasma membrane, whereas spherical cells with a small cell surface showed mainly a cytoplasmic distribution of paxillin. These results indicate the dynamic redistribution of paxillin according to the cell adhesion state. Upon NGF stimulation (5 min), RAFTK translocated to the potential sites for neurite extension at the cell periphery (Fig. 6 ) and co-localized with paxillin. Since previous studies showed actin redistribution at the potential sites for neurite extension, i.e. ruffling or bundle formation upon the incubation of NGF-treated cells for 5 min (18), we examined the co-localization of actin and found that actin is also co-localized with RAFTK at the potential sites for neurite extension (Fig.  6B ). In contrast, as shown in Fig. 7 , FAK is mostly localized at the plasma membrane, specifically at distinct "point contacts" FIG. 5 . Paxillin is associated with and is tyrosine-phosphorylated by RAFTK, upon NGF stimulation, in a Ca 2؉ -dependent manner. A, paxillin is co-immunoprecipitated with RAFTK. After PC12 cells were stimulated with NGF (50 ng/ml) for 5 min in the presence or absence of BAPTA/AM (50 M, 15 min preincubation), the cells were lysed in modified RIPA buffer. One mg of total cell lysate from each sample was immunoprecipitated (IP) with rabbit anti-RAFTK antibodies. The immunocomplexes were resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with mouse anti-phosphotyrosine antibody (4G10), rabbit anti-RAFTK (1:2500), and with monoclonal anti-paxillin (Transduction Laboratory) after membrane stripping. Specific bands were visualized using the ECL system. B, reciprocal immunoprecipitation of paxillin shows co-immunoprecipitation of RAFTK with paxillin and also shows that NGF induces the tyrosine phosphorylation of paxillin in a Ca 2ϩ -dependent manner. PC12 cells were stimulated for 5 min with NGF (50 ng/ml) in the absence or presence of BAPTA/AM (50 M; 15 min pre-incubation) and lysed in modified RIPA buffer. One mg of total cell lysate from each sample was immunoprecipitated with monoclonal anti-paxillin (Transduction Laboratory). The immunocomplexes were resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with monoclonal anti-phosphotyrosine antibodies (4G10) and monoclonal anti-paxillin (Transduction Laboratory) after membrane stripping. Specific bands were visualized using the ECL system. C, 293 cells were co-transfected with wild-type (wt) TrkA receptor cDNA, HA-tagged paxillin cDNA, and wild-type or kinase mutant (km) RAFTK cDNA by the calcium phosphate precipitation method. Empty pcDNA3 vector (V) was used as a transfection (Transf.) control. After 6 h of serum starvation, cells were stimulated with NGF (50 ng/ml) for 5 min and harvested with modified RIPA buffer. 0.5 mg of total cell lysate from each sample was immunoprecipitated with rabbit anti-HA antibodies to precipitate HA-tagged paxillin. The immunocomplexes were resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with monoclonal anti-phosphotyrosine antibodies (4G10), followed by blotting (IB) with monoclonal anti-paxillin (Transduction Laboratory) as indicated. Total cell lysate was resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with anti-Trk and anti-RAFTK antibodies, respectively, to detect expression of the transfected proteins. Specific bands were visualized using the ECL system. D, paxillin is also co-immunoprecipitated with FAK. After PC12 cells were stimulated with NGF (50 ng/ml) for 5 min, and the cells were lysed in modified RIPA buffer. One mg of total cell lysate from each sample was immunoprecipitated with rabbit anti-FAK antibodies or with NRS as a control. The immunocomplexes were resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes, and probed with mouse anti-phosphotyrosine antibody (4G10), rabbit anti-FAK (1:2500), and with monoclonal anti-paxillin (Transduction Laboratory) after membrane stripping. Specific bands were visualized using the ECL system. that are known as integrin-mediated cell adhesion sites in neuronal cells (31) . Paxillin is co-localized with FAK at point contacts (Fig. 7) . Actin is also co-localized with FAK and paxillin; however, this co-localization occurs without the formation of actin stress fibers (Fig. 7) . In differentiated PC12 cells, FAK is localized at the edges of neurites and filopodia of growth cones, indicating the involvement of FAK and paxillin in cell adhesion. The differential distribution of RAFTK and FAK suggests that RAFTK is involved in the regulation of paxillin in the cytoplasm in response to NGF stimulation, whereas FAK may be involved in the regulation of cell adhesion both in undifferentiated and differentiated PC12 cells.
Association and Phosphorylation of RAFTK and Paxillin upon Membrane Depolarization in Differentiated PC12
Cells-In differentiated PC12 cells, RAFTK is localized at neurites and growth cones (Fig. 8A) , specifically in the main body of neurites and growth cones, whereas FAK is localized at the edges of neurites and filopodia of growth cones (Fig. 7) . Since Ca 2ϩ mobilization is a key signaling modulator of neurite and growth cone activities, such as elongation, retraction, and maintenance (32), we investigated whether RAFTK and paxillin are functionally associated in Ca 2ϩ signaling in differentiated PC12 cells. We found that RAFTK and paxillin were co-immunoprecipitated in these differentiated cells (Fig. 8, B and C). Upon KCl stimulation, there was a significant increase in both RAFTK and paxillin tyrosine phosphorylation that was blocked by the calcium chelator, BAPTA/AM. These results demonstrate that RAFTK is activated upon intracellular Ca 2ϩ increase by depolarization and induces the tyrosine phosphorylation of paxillin in differentiated neuronal cells. Taken together, these data suggest possible roles of RAFTK and paxillin in neurite and growth cone function. DISCUSSION RAFTK is highly expressed in neuronal cells, is involved in various neuronal signaling pathways (1, 4) , and is also suggested to be an important mediator of neuronal function, such as excitability (1) and excitotoxicity (33) . However, little is known about the function of RAFTK and its homologous tyrosine kinase FAK in the nervous system. In this study, we address a possible role of RAFTK and FAK in neuronal differentiation.
The tyrosine phosphorylation of RAFTK in a time-and dosedependent manner (see Fig. 1 , A and C) indicates that RAFTK is an intracellular signaling mediator during NGF-induced PC12 cell differentiation. In contrast, the high level of constitutive tyrosine phosphorylation of FAK, with no change in its tyrosine phosphorylation upon NGF stimulation (Fig. 1B) , indicates that NGF-induced intracellular signaling is specific to RAFTK and not to its homologous tyrosine kinase FAK.
In our efforts to decipher the signaling pathway from the TrkA receptor to RAFTK activation, we found using pharmacological inhibitors that RAFTK phosphorylation is mediated through the TrkA receptor, PLC␥, IP 3 , intracellular Ca 2ϩ increases, and partially through extracellular Ca 2ϩ influx and PI3-K (Fig. 2 and Fig. 9 ). Transient transfection of RAFTK and TrkA receptor mutants showed that both PLC␥-and p85-binding sites in the TrkA receptor are responsible for the induction of RAFTK phosphorylation upon NGF stimulation (Fig. 3) . Our experiment also showed that TrkA association with either PLC␥ or PI3-K p85 alone is strong enough to saturate the phosphorylation of RAFTK in the overexpression system (Fig.  3) . This may explain why we could not see inhibition of RAFTK phosphorylation using a single point mutation of the TrkA receptor at 785, 751, or 490 in the transient transfection study (data not shown). Activation of PI3-K can be induced in two ways upon NGF stimulation. One is through the direct inter- FIG. 6 . Early phase subcellular localization of RAFTK with paxillin after NGF stimulation. PC12 cells were grown on collagen type IV-coated culture chamber slides (Nalge Nunc) a day before NGF stimulation. In the absence (A) or presence (B) of NGF (50 ng/ml, 5 min) stimulation, PC12 cells were stained with rabbit anti-RAFTK and mouse anti-paxillin-specific antibodies followed by FITC-labeled goat anti-rabbit Ig antibody, rhodamine-labeled phalloidin, and Cy5-labeled goat anti-mouse Ig antibody as described under "Experimental Procedures." Images of the immunofluorescent-stained cells were collected by laser confocal microscopy (Bio-Rad MRC-1024 confocal microscope). For the staining control, PC12 cells were treated with secondary antibody alone.
action between TrkA (PI3-K site at 751) and the regulatory subunit of PI3-K (p85) (29) . The other is through the interaction between TrkA (Shc-binding site at 490) and Shc, which leads to activation of p21 ras and association of ras with the catalytic subunit of PI3-K (p110), which in turn induces the activation of PI3-K (34) . Therefore, the tyrosine phosphorylation of p85 is induced only by TrkA with the intact p85-binding site (wt or Y785F/Y490F) as our results show in Fig. 3B . The finding that TrkA with the intact Shc-binding site (Y785F/ Y751F) induced a significantly lesser phosphorylation of RAFTK than TrkA with the intact p85-binding site (wt or Y785F/Y490F) despite PI3-K activation through the TrkA-Shcras complex indicates the important role of p85 in the induction of RAFTK phosphorylation. This is consistent with the partial inhibition of RAFTK phosphorylation by the PI3-K inhibitor wortmannin or LY294002, as shown in Fig. 2A . A recent study in macrophages showed co-immunoprecipitation of RAFTK with p85, supporting the importance of p85 in the signaling between RAFTK and PI3-K (35) .
It has been suggested that the duration of Erk/MAPK activation is a key signaling indicator determining the fate of PC12 cells toward cell differentiation or proliferation (36) . We investigated whether NGF-induced RAFTK activation is involved in the induction of Erk/MAPK activation. Although transfection of the RAFTK kinase mutant reduced the activity of Erk/ MAPK substantially (data not shown), it did not inhibit neurite outgrowth. Transfection of wild-type RAFTK neither induced nor inhibited neurite outgrowth (data not shown), suggesting that activation of RAFTK may be related to the induction of specific gene(s) or other change(s) rather than to neurite outgrowth during neuronal differentiation.
The morphological changes of the cell induced by BAPTA/AM (Fig. 4) suggest that Ca 2ϩ signaling and downstream Ca 2ϩ -dependent RAFTK signaling may be related to cytoskeletal reorganization and cell shape changes rather than to neurite outgrowth via Erk/MAPK activation. The focal adhesion molecule paxillin is co-immunoprecipitated with RAFTK (Fig. 5) , and the increase in paxillin tyrosine phosphorylation in a Ca 2ϩ -dependent manner is correlated with RAFTK phosphorylation (Fig. 2  and Fig. 5B ). Furthermore, transient transfection of paxillin and RAFTK shows the induction of paxillin phosphorylation by RAFTK upon NGF stimulation (Fig. 5C ). Although FAK is also associated with paxillin and is known to mediate paxillin phosphorylation (37), it is constitutively phosphorylated and shows no change in phosphorylation level upon NGF stimulation. Thus, the increase in phosphorylation of paxillin upon NGF stimulation is not attributable to FAK but to RAFTK (see Figs. 1, 2, and 5). A similar pattern of differential regulation of paxillin phosphorylation by RAFTK and FAK upon various stimuli was reported in rat liver GN4 epithelial cells (7) . NGFinduced paxillin phosphorylation was also reported in a subclone of PC12 cells (38) and in B cells (39) . Paxillin is a cytoskeletal protein and functions as a scaffold for the recruitment of signaling molecules during cell adhesion and cell morphogenesis (24) . In neuronal cells, paxillin is implicated in the regulation of cytoskeletal reorganization and/or cell adhesion changes during neuronal differentiation (26) . Therefore, it is conceivable that RAFTK association with paxillin regulates cytoskeletal reorganization and/or cell adhesion changes during NGF-induced PC12 cell differentiation. In previous studies, RAFTK has also been shown to be involved in cell FIG. 7 . Subcellular localization of FAK with paxillin at point contacts in PC12 cells. PC12 cells were grown on collagen type IV coated culture chamber slides a day before NGF stimulation. A, in the absence or (B) presence of NGF (50 ng/ml, 2 days) stimulation, PC12 cells were stained with FAK and paxillin specific antibodies followed by FITC-labeled goat anti-rabbit Ig antibody, rhodamine-labeled phalloidin, and Cy5-labeled goat anti-mouse Ig antibody as described in "Experimental Procedures." Images of the immunofluorescent stained cells were collected by laser confocal microscopy. For the staining control, PC12 cells were treated with secondary antibody alone. Scale bar ϭ 10 m.
adhesion and cytoskeletal organization through p130
Cas (40) and paxillin (9) . The involvement of RAFTK in cytoskeletal organization and the requirement of an intact actin-based cytoskeleton for RAFTK phosphorylation upon various stimuli, including NGF ( Fig. 2C and (22) ), strongly suggest that RAFTK is a key component of cytoskeletal organization.
Point contacts are the sites of functional cell adhesion in neuronal cells and have been well characterized in a previous report (31) . In contrast to that report which detected no staining of FAK, we found the localization of FAK at point contacts in PC12 cells grown on collagen type IV (Fig. 7A ) and laminin (data not shown), suggesting that FAK and paxillin are associated at the point contacts and are involved in cell adhesion. Subcellular distribution of RAFTK, FAK, paxillin, and actin suggests that there are two pools of paxillin with dynamic redistribution (see Figs. 6 and 7); one pool of paxillin, associated with FAK at the plasma membrane, is involved in cell adhesion and is regulated by FAK; the other pool, associated with RAFTK at the cytoplasm, is involved in NGF signaling and is regulated by RAFTK (Fig. 6A) . Paxillin is a multidomain adaptor protein capable of interacting with several structural and signaling proteins including vinculin, FAK, RAFTK, Src, and Crk (24) . There is a dynamic interaction between cell adhesion and intracellular signaling. RAFTK-mediated paxillin phosphorylation may regulate the recruitment of various molecules into a signal transduction complex leading to cell adhesion changes (inside-out signaling) during the early phase of NGF stimulation. Consistent with our findings, expression of a kinase mutant of RAFTK in a stable PC12 cell line using a tetracycline-sensitive promoter system resulted in the loss of cell-to-substrate adhesion and the formation of cell aggregates in response to NGF stimulation (41) . This supports the view that RAFTK is an essential mediator of cell adhesion changes upon NGF stimulation via paxillin. Although RAFTK and FAK are related tyrosine kinases and share unique and significant amino acid sequence homology (48% identity and 65% similarity) (4), they have distinct roles in signaling, i.e. FAK is more involved in integrin-mediated signaling, whereas RAFTK is stimulated by a variety of extracellular agonists that increase intracellular Ca 2ϩ concentrations (1, 5). The various subcellular localizations and tyrosine phosphorylations of RAFTK and A, subcellular localization of RAFTK and paxillin. PC12 cells were grown on poly-D-lysine coated culture chamber slides and stimulated with NGF for 4 days. After fixation and permeabilization, the cells were stained with RAFTK and paxillin specific antibodies followed by FITC-labeled goat anti-rabbit Ig antibody and Texas red-labeled goat anti-mouse Ig antibody as described in "Experimental Procedures." Scale bar ϭ 10 m. B, and C, after PC12 cells were differentiated with NGF (50 ng/ml) for 4 days, they were stimulated with KCl (60 mM, 3 min) in the presence or absence of BAPTA/AM (50 M, 15 min pre-incubation) and lysed in modified RIPA buffer. One mg of total cell lysate from each sample was immunoprecipitated with rabbit anti-RAFTK (B) or monoclonal anti-paxillin (C) antibodies. The immunocomplexes were resolved by 8% SDS-PAGE (NOVEX), transferred to Immobilon-PVDF membranes and probed with monoclonal anti-phosphotyrosine antibody (4G10), and then with either rabbit anti-RAFTK (1:2500) or monoclonal anti-paxillin (Transduction Laboratory) after membrane stripping. Specific bands were visualized using the ECL system. FAK may explain the differential regulation of specific pools of paxillin upon various cellular stimuli of PC12 cells. In Fig. 9 , we illustrate a current model of differential regulation of paxillin by RAFTK and FAK during NGF-induced PC12 cell differentiation.
Growth cones in differentiated neuronal cells play vital roles in the navigation, elongation, retraction, and maintenance of neurites, and intracellular Ca 2ϩ is one of the key signaling components regulating this growth cone activity (32) . RAFTK was found at relatively high levels in the axons of brain cells, suggesting that it might play an important role in the functions of axons or that the RAFTK-related signaling pathway is closely associated with cytoskeletal components (42) . RAFTK localization at neurites and growth cones in conjunction with its tyrosine phosphorylation upon membrane depolarization suggests its possible role with paxillin in Ca 2ϩ -mediated growth cone function in differentiated neuronal cells (Fig. 8, B  and C) . Bradykinin, a neuropeptide activating the G proteincoupled receptor and producing intracellular Ca 2ϩ increase, induces neurite retraction (43) . We found that bradykinin also induces the tyrosine phosphorylation of RAFTK and paxillin in a Ca 2ϩ -dependent manner in differentiated PC12 cells. 2 This suggests the involvement of RAFTK in neurite retraction through paxillin reorganization.
